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Decreasing the subthreshold swing (SS) of field-effect transistors (FETs) to sub-60 mV/decade at room 

temperature can enable next-generation low-power electronics [1]. Here, we demonstrate steep switching 

(SS < 5 mV/decade) and high on-current (ION ≈ 400 μA/μm) in non-uniformly hole-doped WSe2 transistors. 

By setting up large lateral electric field gradients through spatial variation of doping, we deduce that the 

abrupt switching behavior is consistent with avalanche (impact ionization [2]) of charge carriers, opening 

up a new approach to achieve low-power transistors based on ultra-thin 2D materials. 

Fig 1a displays the schematic of our device structure and Fig. 1b shows a Scanning Electron Micros-

copy (SEM) top-view of a fabricated device. The device channel is few-layer WSe2 (thickness < 5 nm) 

prepared by mechanical exfoliation onto 30 nm of thermal SiO2 on p++ Si substrates (serving as back-gate). 

Pd source/drain contacts are made using electron-beam (e-beam) lithography and e-beam evaporation. We 

obtain non-uniform doping by patterning a 20 nm thick hydrogen silsesquioxane (HSQ) line on the WSe2 

channel to act as a dopant blocking layer. The exposed channel regions are then doped strongly p-type by 

depositing thin crystalline MoO3 with a flame deposition technique [3]. (In previous work using uniform 

MoO3 doping [3], we achieved high current density ~1 mA/µm and low contact resistance ~800 Ω⋅µm for 

p-type WSe2.) The spatially non-uniform doping is essential for causing the device behavior seen here. 

Fig. 2a shows the effect of selectively doping the WSe2 channel, changing the device from ambipolar 

to unipolar p-type. Importantly, after MoO3 doping, the device displays steep switching, with a SS < 50 

mV/decade across two orders of magnitude in current, with ION ≈ 400 μA/μm in the on-state. Fig. 2b shows 

that at VGS step of 10 mV the device switches over two orders of magnitude in current (SS  < 5 mV/dec) 

with both forward and reverse sweeps (hysteresis < 10 mV). We also observe abrupt switching in the ID-

VDS characteristics, as shown in Fig. 2c, indicating this switching effect depends both on the vertical as well 

as the lateral field in the device. The onset of the VDS-dependent switching can be tuned by the applied VGS, 

allowing for gate-tunable threshold switching. The lateral field-dependence of the switching is also ob-

served in the ID-VGS measurement (Fig. 3a), where increasing VDS causes a decrease in SS. 

To further understand the physical origin of this switching behavior, we perform temperature-depend-

ent measurements in Fig. 3b. This shows that the off-current decreases with decreasing temperature, result-

ing in a larger switching on/off ratio. We also observed asymmetry when reversing the source/drain contacts 

(Fig. 3c), with one configuration showing abrupt switching and the other poor performance. We note this 

asymmetry likely originates from inadvertent fabrication, such as misaligned HSQ as seen in Fig. 1b right-

hand device. 

Considering known steep switching mechanisms, the characteristics of our devices are consistent with 

those of impact ionization metal-oxide-semiconductor transistors (I-MOS) [2]. I-MOS devices have demon-

strated SS as small as 5 mV/decade, requiring high lateral fields to achieve the avalanche effect. The primary 

limitation of prior I-MOS transistors is their low switching speed, because the avalanche effect depends on 

the impact ionization rate which can be much slower than thermionic MOSFET switching. However, pre-

vious work suggests that ultra-thin semiconductor channels may decrease the I-MOS switching time [4], 

highlighting the potential advantage of I-MOS devices based on 2D materials. 

In conclusion, we have demonstrated abrupt switching with SS < 5 mV/decade in WSe2 devices with 

highly non-uniform p-type doping. The steep switching has both vertical (gate) and lateral (drain) field 

dependence, consistent with an avalanche effect. Future work will focus on measuring the switching speed 

and reducing switching voltage (e.g. by scaling device dimensions). This work was supported in part by the 

AFOSR, NSF-EFRI, and Stanford SystemX. C.M. thanks the support of NSF-GRFP. 

Refs: [1] A. Ionescu & H. Riel. Nature 479, 329 (2011). [2] K. Gopalakrishnan et al., IEEE TED 52, 77 (2005). [3] 

L. Cai, C. McClellan, et al., Nano. Lett. 17, 3854 (2017). [4] R. Kraus & C. Jungemann, IEEE ULIS, 281 (2009). 

978-1-5386-3028-0/18/$31.00 ©2018 IEEE



−10 −5 0 5

10−3

0.01

0.1

1

10

100

V
GS

 (V)

|I
D
| 
(µ

A
/µ

m
) 

−10 −5 0 5

10−3

0.01

0.1

1

10

100

V
GS

 (V)

|I
D
| 
(µ

A
/µ

m
) 

−1 −0.5 0 0.5 1 1.5 2 2.5

0.1

1

10

100

V
GS

 (V)

I D
 (

µ
A

/µ
m

) 

−8 −6 −4 −2 0 2 4
0.01

0.1

1

10

100

V
GS

 (V)

|I
D
| 
(µ

A
/µ

m
) 

VDS = -11 V,

-10 V, -9 V,

-8 V, -7 V

VDS

−8 −6 −4 −2 0 2
0.01

0.1

1

10

100

V
GS

 (V)

|I
D
| 
(µ

A
/µ

m
) 

−1.5 −1 −0.5 0 0.5

10−4

10−3

0.01

0.1

1

V
GS

 (V)

I S
 (

µ
A

) 

−8 −6 −4 −2 0 2 4
0.01

0.1

1

10

100

V
GS

 (V)

|I
D
| 
(µ

A
/µ

m
) 

30 nm SiO2

(a)

(b)

SS < 50 

mV/dec

VDS = -8 V

Hole 

Doping

Before

MoO3

VDS = 1 V

VDS = -7 V -8 V

10 mV VGS steps

SS < 5 mV/dec

After

MoO3

−6 −5 −4 −3

0.01

0.1

1

10

100

V
DS

 (V)

I S
 (

µ
A

/µ
m

) 

−8 −6 −4 −2 0 2 4
0.01

0.1

1

10

100

V
GS

 (V)

|I
D
| 
(µ

A
/µ

m
) 

(c)

VGS =  

1 V2 V3 V4 V

5 V

50 mV 

VDS steps 

(b)

VDS = -6 V

T = 300 K, 

250 K, 190 K, 

130 K, 80 K
T 

VDS < 0 V

(a)

HSQ

MoO3

1 µm

Pd

(b)
p++ Si

MoS2

MoO3

Pd Pd

p++ Si

30 nm SiO2

MoO3

HSQ

P-doped P-doped WSe2

VGS

VS

LHSQ ≈ 0.4 µm

LSD ≈ 1 µm

(a)

Fig. 1: (a) Schematic of the

fabricated device structure.

Back-gated (on 30 nm SiO2) few-

layer WSe2, MoO3 hole doping,

and Pd contacts. (b) SEM top

image of two devices sharing one

terminal. MoO3 appears as large

rectangular crystals on the WSe2

and Pd surfaces. HSQ appears

dark and for the right-hand

device it is misaligned with

respect to the center of channel.
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Fig 3: (a) Transfer characteristics demonstrating VDS dependence of switching. Increasing the lateral field (with

higher VDS) results in a decrease of SS, in contrast to conventional MOSFETs, where SS increases with

increasing lateral field due to short channel effects. The VDS dependence of our devices is consistent with I-MOS

transistors [2] and avalanche switching. (b) Temperature (T) dependence of our WSe2 devices, showing a

decrease in off-current and increase in switching on/off ratio with decreasing T. (c) Asymmetry of source and

drain electrodes, with one configuration showing abrupt switching and the other having low performance. All 14

devices that displayed steep switching showed this asymmetry, suggesting asymmetry in doping or Schottky

barriers is needed for the abrupt switching.

Fig. 2: (a) A WSe2 FET ID-VGS data before (orange) and after (blue) MoO3 deposition. Due to the large electron

affinity of MoO3, the WSe2/MoO3 heterojunction results in hole charge transfer from MoO3 to WSe2 [3]. The

steep switching effect also emerges after MoO3 doping, with SS < 50 mV/decade. (b) Further characterization of

the steep switching in WSe2, achieving SS < 5 mV/decade across two orders of magnitude in current and

hysteresis < 10 mV. (c) ID-VDS data of a steep switching device, showing the lateral field dependence of the

abrupt switching. This onset VDS can be tuned using the gate, demonstrating gated threshold switching.
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